The mshA::Tn5 mutant of Mycobacterium smegmatis does not produce mycothiol (MSH) and was found to markedly overproduce both ergothioneine and an ϳ15-kDa protein determined to be organic hydroperoxide resistance protein (Ohr). An mshA(G32D) mutant lacking MSH overproduced ergothioneine but not Ohr. Comparison of the mutant phenotypes with those of the wild-type strain indicated the following: Ohr protects against organic hydroperoxide toxicity, whereas ergothioneine does not; an additional MSH-dependent organic hydroperoxide peroxidase exists; and elevated isoniazid resistance in the mutant is associated with both Ohr and the absence of MSH. Purified Ohr showed high activity with linoleic acid hydroperoxide, indicating lipid hydroperoxides as the likely physiologic targets. The reduction of oxidized Ohr by NADH was shown to be catalyzed by lipoamide dehydrogenase and either lipoamide or DlaT (SucB). Since free lipoamide and lipoic acid levels were shown to be undetectable in M. smegmatis, the bound lipoyl residues of DlaT are the likely source of the physiological dithiol reductant for Ohr. The pattern of occurrence of homologs of Ohr among bacteria suggests that the ohr gene has been distributed by lateral transfer. The finding of multiple Ohr homologs with various sequence identities in some bacterial genomes indicates that there may be multiple physiologic targets for Ohr proteins.
Mycobacteria, including Mycobacterium tuberculosis, produce mycothiol (MSH) as the major intracellular thiol (39) . Like glutathione in eukaryotes and Gram-negative bacteria, MSH has a wide range of functions that include detoxification of electrophilic compounds, conjugation with antibiotics, and maintenance of the redox potential within the cell (30, 42, 53) . The biosynthesis of mycothiol requires five enzymes ( Fig. 1) , MshA, MshA2, MshB, MshC, and MshD (44) . Mutants with mutations of mshA and mshC produce undetectable levels of mycothiol, whereas mshB and mshD mutants make ϳ10% and 1% of normal levels, respectively, during exponential growth (42) . The mshD mutant also produces high levels of the precursor to mycothiol and two related thiols in which the acetyl residue of mycothiol is replaced by formyl or succinyl residues. The decreased levels of mycothiol in mshB and mshD mutants are thought to involve alternative low-level pathways, whereas MshA, a glycosyltransferase, and MshC, a homolog of cysteine tRNA synthetase, do not have compensating enzymes. Several of the mycothiol mutants of Mycobacterium smegmatis have been characterized and exhibit increased sensitivity to peroxides, alkylating agents, and antibiotics (53) .
Mycothiol has been of special interest due to its apparent requirement for the growth of M. tuberculosis (5, 58) . Like the M. smegmatis mutants, M. tuberculosis mutants bearing mutations of the mshB (7) and mshD (6) genes have decreased levels of mycothiol and increased sensitivity to peroxides. Attempts to generate viable mutants with mutations of the native mshA (5) and mshC (58) genes in M. tuberculosis were unsuccessful unless a second functional copy of the gene was present. This suggested that the mshA and mshC genes of mycothiol biosynthesis, like the gene encoding the mycothiol disulfide reductase (mtr, Rv2855), are essential in M. tuberculosis, in accordance with results from transposon site hybridization studies (60) . More recently, M. tuberculosis mutants lacking mshA have been isolated (65) , indicating that under appropriate conditions, M. tuberculosis can adapt to the loss of mycothiol. Mycothiol is not required for the growth of M. smegmatis, which made this bacterium highly useful in identifying mycothiol biosynthesis genes. Curiously, M. smegmatis mutants deficient in mycothiol synthesis are sensitized to many toxins and antibiotics but are resistant to isoniazid (INH) (55) .
A surprising observation with the M. smegmatis mshA transposon mutant used to identify the mshA gene (mshA::Tn5 strain) (43) seemed potentially relevant for its ability to grow without mycothiol. As shown in this study, this mutant dramatically overproduces an ϳ15-kDa protein compared to its level in the wild-type strain mc 2 155. The expression of the unknown protein was even more pronounced when the cells were grown on agar at room temperature for periods longer than a week, which allowed them to enter stationary phase while under constant exposure to oxygen. It was thought that the overexpressed protein might compensate for the lack of mycothiol. In the studies presented here, we identified this protein as organic hydroperoxide reductase (Ohr), further characterized the mutant, purified Ohr, and characterized the substrate specificity, peroxide sensitivity, and reducing systems for Ohr. We also showed that ⌬mshA mutants markedly increase their production of ergothioneine.
MATERIALS AND METHODS
Reagents. 5,5Ј-Dithiobis(2-nitrobenzoic acid) (DTNB), cumene hydroperoxide (CuOOH), tert-butylhydroperoxide (t-BuOOH), lipoamide, NADH, soybean lipoxygenase, insulin, and linoleic acid were from Sigma. Porcine heart lipoamide dehydrogenase (Lpd) was from Calzyme, and M. tuberculosis Lpd and dihydrolipoamide acetyltransferase (DlaT) were kindly provided courtesy of Carl F. Nathan and Ruslana Bryk. All other reagents were from Fisher.
Bacterial strains and culture conditions. The M. smegmatis strains used are described in Table S1 in the supplemental material. M. smegmatis mc 2 155 was grown in Middlebrook 7H9 broth (Difco) with 0.05% Tween 80 and supplemented with either OADC (oleic acid, albumin, glucose, and catalase supplement) or 1% glucose. M. smegmatis mc 2 155 was also grown on Middlebrook 7H9 solid medium (1.8% Difco agar), with 0.5% glycerol supplemented with OADC or 1% glucose. Escherichia coli DH5␣ was used as the host strain for cloning experiments. Antibiotics were added as needed; 25 g ml Ϫ1 kanamycin and 75 g ml Ϫ1 hygromycin were used for M. smegmatis strains, and 100 g ml Ϫ1 ampicillin, 100 g ml Ϫ1 hygromycin for E. coli strains. Unless otherwise indicated, cultures were incubated at 37°C. The mshA::Tn5 strain is difficult to initiate in culture and requires the presence of OADC. Growth in liquid culture from 5 to 10% inoculums occurs at the same rate as that of the mc 2 155 strain, but the mshA::Tn5 strain often fails to grow from 1% inoculums. Other growth conditions are detailed for the specific experiments.
Cell extracts for SDS-PAGE. M. smegmatis strains were grown for 11 days on 100-mm plates containing Middlebrook 7H9 agar and 1.0% glucose at 23°C. The mshA::Tn5 and mshD::Tn5 strains were grown in the presence of 25 g/ml kanamycin; mshA::Tn5 mshA and mshA::Tn5(pcv125) strains were grown in the presence of streptomycin at 30 g per ml. Cells were scraped off the plates with a small volume of Middlebrook 7H9 medium and centrifuged. The pellet was extracted by sonication at 5°C with extraction buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM 2-mercaptoethanol, and 35 M each N-␣-p-tosyl-L-phenylalanyl chloromethyl ketone and N-␣-p-tosyl-L-lysine chloromethyl ketone protease inhibitors). The extract was centrifuged at 16,100 ϫ g for 15 min at 4°C, and the soluble fraction used for protein analysis by SDS-polyacrylamide gel electrophoresis (PAGE).
Analysis of thiols. Thiols were analyzed by monobromobimane (mBBr) labeling and high-performance liquid chromatography (HPLC) as previously described (7, 17) , except for ergothioneine, lipoic acid, and lipoamide. The bimane derivative of ergothioneine has a low fluorescence with mBBr and was incompletely resolved from other bimane-labeled peaks using method 1, a reversedphase chromatography using sodium acetate buffer (17) . The asymmetric peak at 14.8 min was purified and rechromatographed using method 2 chromatography, an ion-pairing program used for coenzyme A (CoA) analysis (17) . The 14.8-min peak generated 2 to 5 peaks in method 2, one of which coeluted with authentic ergothioneine-methylbimane (ergothioneine-mB) standard at 7.1 min. The ergothioneine content of the cells was calculated from the fraction of total peak fluorescence (ϳ25 to 50%) that coeluted with ergothioneine-mB in method 2. The ergothioneine-mB peak was verified by mass spectrometry, showing an MH ϩ 420 m/z ion (electrospray-positive mode) as previously described (14) . Enzymatically reduced lipoamide and lipoic acid were derivatized at pH 10, due to their high thiol pKa (10.7 for both [29] ), to generate their authentic bis-bimane derivatives. Lipoamide-(mB) 2 and lipoate-(mB) 2 were made by reacting 1 mM reduced lipoamide or lipoic acid with 4 mM mBBr in a solution of 20 mM sodium borate, pH 10, in 50% acetonitrile-water. The reaction mixture was incubated for 10 min at 60°C and acidified with 10 mM methanesulfonic acid (Fluka). Lipoamide-(mB) 2 and lipoate-(mB) 2 were analyzed in method 1 chromatography (17) with buffer A (0.25% acetic acid) adjusted to pH 4.0 with NaOH and acetonitrile substituted for methanol as buffer B; lipoate-(mB) 2 and lipoamide-(mB) 2 eluted at 32 and 38.5 min, respectively.
A concentrated cell extract was made to assay lipoic acid and lipoamide in M. smegmatis exponential-phase cultures. M. smegmatis mutants and mc 2 155 were cultured to an A 600 value of 1.4 to 2 in Middlebrook 7H9 medium with 0.4% glucose and 0.05% Tween 80. The cells were pelleted by centrifugation of 20 ml of culture at 4°C and 4,000 ϫ g. The cells were extracted in 1 ml of 50% acetonitrile-water without buffer at 60°C for 15 min. The extract was cleared by centrifugation at 13,000 ϫ g for 5 min, and the supernatant was dried in a SpeedVac. The pellet was dissolved in 200 l of lipoamide dehydrogenase assay buffer (100 mM NaCl, 1 mM EDTA, 50 mM NaPO 4 , pH 7.0), and the insoluble material was removed by centrifugation at 13,000 ϫ g for 5 min. A 100-l aliquot of extract was reduced with 25 g of lipoamide dehydrogenase in the presence of 1 mM NADH at room temperature. The lipoic acid and lipoamide contents were assayed by mixing a 10-l aliquot with 2 l of 100 mM Na borate, pH 10, and 1 l of 20 mM mBBr (in dimethyl sulfoxide [DMSO] ) and incubating in the dark at 23°C for 15 min. This sample was diluted into 10 mM methanesulfonic acid for HPLC assay. Control experiments showed that the reduction of lipoic acid and lipoamide was complete after 30 min. The recovery of lipoic acid or lipoamide spiked at 5 M into the 50% warm acetonitrile-water extract was ϳ80%.
Identification of Ohr. The M. smegmatis mshA mutant with the mshA::Tn5 mutation was grown on Middlebrook 7H9 agar with 1% glucose as described above for SDS-PAGE analysis, and the overexpressed protein was purified to ϳ85% purity using stepwise ammonium sulfate precipitation and gel filtration with Sephadex G100 as described below. The purified protein was separated on a 15% Tris-HCl gradient SDS-PAGE gel and electroblotted onto a polyvinylidene difluoride membrane according to the manufacturer's instructions (BioRad). Staining with Coomassie blue revealed two bands of approximately equal intensity at ϳ15 kDa. Both bands were submitted to the UCSD Division of Biological Sciences Protein Sequencing Facility.
Assay of MSH biosynthesis enzymes and Mca. MshA (44), MshB (40), MshC (59), MshD (31) , and Mca (41) activities were assayed using cell extracts of mid-log phase M. smegmatis mc 2 155 and the mshA::Tn5 and mshA(G32D) strains as described in the referenced publications.
Generation of mshA(G32D) mutant. We produced a mutant with an unmarked single-base-change mutation in the mshA gene in M. smegmatis mc 2 155 that reproduced the mutation observed (G32D) in mycothiol chemical mutant strain 49 (43) . A 1,366-bp fragment, including 765 bp upstream and 588 bp downstream of the desired mutation, was amplified from M. smegmatis genomic DNA using primers smegAreg up (5Ј-GGATCCGTCTCGATGGCCTCGCACGT-3Ј) and smegAreg down (5Ј-AAGCTTGGGAAGCCCGAACACCGCGC-3Ј), containing BamHI and HindIII restriction sites, respectively, for cloning into p2NIL (49) . The fragment was amplified from M. smegmatis chromosomal DNA using Platinum Taq and cloned into TOPO pCR4 (Invitrogen). After verification of the sequence with the universal primers T3 and T7, the construct was amplified with site-directed (underlining) mutagenesis primers mutmshA1 (5Ј-GGCACCGGC GACGCGGACGGCATGAACG-3Ј) and mutmshA2 (5Ј-CCGTGGCCGCTGC GCCTGCCGTACTTGC-3Ј) using Pfu Turbo DNA polymerase. The amplified plasmids were digested with DpnI to remove the parent template DNA, and the remaining mutant construct was transformed into E. coli DHA␣. Kanamycinresistant transformants were selected and sequenced with T3 and T7 primers to confirm mutation. Then, the mutated construct was digested with BamHI and
HindIII and the insert was ligated to p2NIL (49) , also digested with BamHI and HindIII. After cloning of the mutated insert into p2NIL was confirmed, the hyg, lacZ, and sacB fragment from pGOAL19 (49) was cloned into the p2NIL PacI restriction site. The resulting construct was transformed into M. smegmatis mc 2 155 by electroporation, and transformants were selected on Middlebrook 7H9 agar with kan/hyg and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (49) . Single-crossover mutant colonies (blue) were grown and plated on sucrose-X-Gal plates to select double-crossover mutants (white). The mutants were confirmed to be kanamycin sensitive and isoniazid resistant. The M. smegmatis colonies were further confirmed to be mutants by amplifying the genomic DNA with primers smegAreg up and smegAreg down and sequencing the fragment.
Sensitivity to peroxide. M. smegmatis mc 2 155 and mycothiol mutants were cultured in Middlebrook 7H9 medium with 0.05% Tween 80 and 0.4% glucose at 37°C for 17 days. This culture condition generates overexpressed levels of Ohr in the mshA::Tn5 mutant. The cells were harvested by centrifugation and were resuspended at an A 600 of 0.1. The cells (2 ml) were aliquoted into 4-ml culture tubes containing dilutions of cumene hydroperoxide (80%; Aldrich) and incubated at 37°C for 2 h. The cells were immediately diluted into ice-cold phosphate-buffered saline, and serial dilutions were plated on Middlebrook 7H9 agar containing 0.05% Tween 80 and 10% OADC (Difco). The colonies on the plates (n ϭ 3) were counted after 3 to 5 days of incubation at 37°C.
Sensitivity to isoniazid. The sensitivity of M. smegmatis mycothiol mutants to isoniazid (INH) was assayed on agar plates containing various levels of isoniazid. Overnight cultures (5 ml) of M. smegmatis strains mc (54), mshA(G32D) (this study), and mshA::Tn5 (43) mutants were grown to an A 600 of ϳ1 in Middlebrook 7H9 medium containing 0.4% glucose and 0.4% glycerol in 15-ml polypropylene tubes. The cultures were diluted to an A 600 of 0.06 in Middlebrook 7H9 medium without a carbon source, and 10-l aliquots of serial dilutions were spotted on plates containing Middlebrook 7H9 medium with 1.5% Bacto agar, 10% OADC with INH from 0 to 600 g per ml. Colonies on plates with 0 to 30 g per ml INH were counted after 2 to 3 days of incubation at 37°C. Plates with 600 g per ml INH contained smaller colonies that were counted on days 7 and 8, and those with 30 to 300 g per ml were counted on days 4 and 6.
Purification of Ohr. The M. smegmatis mshA mutant mshA::Tn5 was grown for 15 days on 40 100-mm plates containing 7H9 agar, 0.05% Tween 80, 1% glucose, and 25 g per ml kanamycin at 23°C. Fresh 7H9 medium was added to the plates, the cells scraped off, and the suspension centrifuged to generate ϳ18 g (wet weight) of cells. The pellet was frozen at Ϫ70°C until used for extraction and purification by ammonium sulfate fractionation, gel filtration chromatography, and reversed-phase high-performance liquid chromatography as described in the supplemental material.
Assay of Ohr activity. Assays of Ohr activity were performed in a 100-l quartz cuvette with a 1-cm path length, and absorbance measured in a Beckman DU640 spectrophotometer. The buffer was 50 mM sodium phosphate, pH 7, 100 mM NaCl, and 1 mM EDTA. Lipoamide and NADH stock solutions were made at 10 mM in DMSO and water, respectively. Porcine heart lipoamide dehydrogenase stock solution (9 M in 50 mM sodium phosphate, pH 7, 100 mM NaCl) was stored at Ϫ70°C. To 90 l of buffer, 1.6 l (160 M final concentration) lipoamide and 3.2 l (320 M) NADH were added. Lipoamide dehydrogenase (6 l) was then added to convert lipoamide to dihydrolipoamide using one equivalent of NADH, and the reaction was completed instantaneously based on the decrease in A 340 . After 2 min, 2 l of Ohr from a stock solution (or 50 mM HEPES, pH 7.5, 100 mM NaCl as a control) was added. After five additional minutes to allow for reduction of Ohr, the peroxide substrate was added to start the reaction (see the supplemental material for additional detail). Absorbance was recorded periodically to follow the loss of NADH. The initial reaction rates were calculated as the rate with Ohr minus the control rate.
Reduction of CuOOH by Ohr/DlaT/Lpd. Assays of the reduction of CuOOH by Ohr, DlaT, and Lpd were performed similarly to Ohr activity assays in a 100-l cuvette. The buffer contained 50 mM sodium phosphate, pH 7, 100 mM NaCl, and 1 mM EDTA. The enzyme stock solution concentrations were as follows: Ohr, 700 M; M. tuberculosis DlaT, 65 M; and M. tuberculosis Lpd, 99 M. Final concentrations of 160 M NADH, 2 M Lpd, 2 M DlaT, and 100 M CuOOH were added to the buffer. Ohr at 40 nM was added last to start the reaction. The controls lacked DlaT or Lpd, and a comparison assay contained 320 M NADH, 160 M lipoamide, 5 M Lpd, 100 M CuOOH, and 40 nM Ohr. The reaction was measured by following the decrease in A 340 . Negative results for the reduction of Ohr by MSH and thioredoxin are described in the supplemental material.
Phylogenetic analysis. GenBank was searched with Blastp 2.2.23 (1) for homologs of M. smegmatis Ohr. The phylogenetic tree for selected Ohr sequences was generated using SeaView 4.2.6 (21) for alignment with ClustalW2 (32) and implementing PhyML version 3.0.1 (23) using the Dayhoff evolutionary model (12) and default parameters.
RESULTS
The mshA::Tn5 mutant of M. smegmatis overexpresses a 15-kDa protein. When the mshA::Tn5 mutant was grown on agar at 23°C for over 1 week or in liquid culture at 37°C for over 21 days and the cells harvested, lysed, and analyzed for protein by SDS-PAGE, an ϳ15-kDa protein band constituted ϳ30% of the total protein ( Fig. 2A, lane 2) . This protein band was not prevalent in the wild-type strain mc 2 155 grown under the same conditions ( Fig. 2A, lane 1) . Another Tn5 transposon mutant, mshD::Tn5, that produces low levels of mycothiol and a mycothiol homolog in which the acetyl group is replaced by the formyl group, also failed to overproduce the 15-kDa protein (Fig. 2A, lane 5 (Table 1) . MshA activity was undetectable in the two mshA mutant strains. No marked differences in the activities of the other mycothiol biosynthesis enzymes (MshB, MshC, and MshD) compared to the levels in the parental strain (mc 2 155) were seen. Also, no major differences were seen in the activity of mycothiol S-conjugate amidase (Mca), an enzyme involved in MSH catabolism (8) and MSH-dependent detoxification reactions (56) . The results indicate that the activities of these proteins are not controlled by MSH or the regulatory system involved in ohr expression.
Marked elevation of ergothioneine production correlates with lack of MSH but not with overproduction of Ohr. Thiol levels were measured in the mshA mutants to ascertain what changes in other thiols accompanied the loss of MSH and enhanced production of Ohr (Table 2) . No significant differences were seen between mc 2 155 and the mshA mutants in cysteine or coenzyme A content. Unbound lipoic acid and lipoamide levels were also measured since these represent possible reductants for Ohr; both were below measureable levels. Prior determinations of lipoic acid in bacteria have measured the amount released by acid hydrolysis of cell pellets and reflect protein-bound lipoyl residues in amounts as high as ϳ0.2 mol per g (dry weight) (27) .
The unexpected result was that ergothioneine increased 26-fold in exponential-phase cells and 5-fold in stationary-phase cells of the mshA::Tn5 mutant relative to the levels in mc 2 155 (Table 2) . Ergothioneine was thought to be produced only by mycobacteria and fungi (19, 20) but is imported in eucaryotes via the OCTN1 transporter (22) . It has long been speculated to b MshA saturating conditions, 0.5 mM 1L-Ins-1-P and 0.5 mM UDP-GlcNAc, 17% maximum conversion; MshB saturating conditions, 1 mM GlcNAc-Ins, 3% maximum conversion; MshC saturating conditions, 1 mM GlcN-Ins, 0.5 mM Cys, 1 mM ATP, 6% maximum conversion based on GlcN-Ins or 11% based on Cys; MshD nonsaturating conditions, 40 M Cys-GlcN-Ins, 250 M acetyl-CoA, 63% maximum conversion; Mca saturating conditions, 0.5 mM mycothiol-methylbimane, 12% maximum conversion. See Fig. 1 function as an antioxidant (26), although recent studies have led to contradictory conclusions (16, 52) . The function of ergothioneine in mycobacteria has been little studied, but the recent identification of the biosynthetic genes in M. smegmatis paves the way for more detailed studies and suggests that ergothioneine production in bacteria may be more widespread than previously recognized (61) . The enhanced production of ergothioneine in mshA::Tn5 is not correlated with Ohr upregulation, since the mshA(G32D) strain shows even greater elevations, 35-fold for exponential-phase cells and 8-fold for stationary-phase cells ( Table 2 ). The mshC::Tn5 transposon mutant strain, generated and isolated like the mshA::Tn5 mutant (55), was also shown to produce undetectable levels of MSH (Ͻ0.003 mol per g [dry weight]) but to have ϳ20-fold-elevated ergothioneine levels during exponential growth compared with the levels in the wild-type strain. Upregulation of ergothioneine production thus appears to be associated with loss of MSH. Ohr overexpression confers increased resistance to CuOOH and enhanced resistance to isoniazid. When cells were grown for 18 days in liquid culture and treated with 5 mM CuOOH, the wild-type strain showed ϳ25% loss of viability (Fig. 3A) , whereas the mshA(G32D) mutant strain showed ϳ98% loss of viability. The Ohr-overproducing mshA::Tn5 mutant displayed an intermediate level of loss (ϳ72%). The overproduction of Ohr provides enhanced protection against CuOOH but does not provide protection equivalent to that in the wild-type strain with its full complement of MSH but normal level of Ohr. This suggests that there is an additional MSH-dependent process which contributes to the protection against CuOOH in the wild-type strain.
When various cell strains were grown in liquid medium overnight and plated on isoniazid-containing agar, their survival was dependent upon both the MSH content and the Ohr content (Fig. 3B) . Maximum sensitivity to killing by INH was seen in the wild-type mc 2 155 and Myco504 (mshB::aph) (54) strains producing Ն10% of the normal MSH level. Even the mshC chemical mutant strain I64 (55) generating 1% of normal MSH exhibited only slightly enhanced resistance. However, the MshC-deficient strain Tn1 (55) and the mshA(G32D) strain that produce no detectable MSH are an order of magnitude more resistant to INH. Most resistant of all was the mshA::Tn5 mutant, lacking MSH and having markedly elevated Ohr, which was more than two orders of magnitude more resistant to INH than the parent strain. These results can be understood in terms of current ideas regarding the activation of the prodrug INH. INH is converted to an active INH adduct with NAD (57) by KatG (67) , and the development of cellular resistance to INH has been the subject of extensive studies (68 (Fig. 3) , another less available or less reactive reductant may replace MSH, but the elevated resistance to peroxide in the mshA::Tn5 strain appears to enhance INH resistance by limiting peroxide availability. Purification of Ohr. Ohr was purified from cells harvested from plates. Following ammonium sulfate fractionation, the protein eluted on Sepharose G100 at a volume corresponding to a native molecular weight of 34 Ϯ 3 kDa (mean Ϯ standard deviation), indicating that the native protein is a dimer. The central peak of activity from the G100 column contained minor impurities and was purified to homogeneity by preparative HPLC on a reversed-phase C 8 column. The purified protein gave a single band on SDS-PAGE without treatment with 2-mercaptoethanol (Fig. 2C, lane 3 ) but yielded two bands (Fig. 2C, lane 2) when 0.7 M 2-mercaptoethanol was included in the SDS sample buffer; these corresponded to the two strong bands evident in the crude extract that was similarly treated (Fig. 2C, lane 1) and are presumed to reflect partial conversion of Ohr to mixed disulfides with 2-mercaptoethanol under aerobic oxidation. When the native enzyme was titrated with DTNB at pH 8, it showed little or no reaction (0.02 equivalents thiol per mol Ohr), but in the presence of 6 M guanidine hydrochloride, the titration gave 1.60 Ϯ 0.01 (n ϭ 3) equivalents of thiol per mol Ohr. Thus, the two cysteine residues (C58 and C122) are predominately in the reduced state in the isolated protein but are unreactive toward DTNB. Treatment of the purified Ohr with diamide prior to SDS-PAGE produced no change (Fig. 2C, lane 4) from the purified protein (Fig. 2C,  lane 3 ), whereas treatment with dithiothreitol followed by Nethylmaleimide generated product eluting at an apparently higher molecular weight (Fig. 2C, lane 5) . Diamide is ineffective in converting Ohr to the disulfide form, causing Ͻ5% change in thiol content, as detected by DTNB titration in 6 M guanidine hydrochloride on samples taken during a 2-h incubation of 694 M Ohr with 770 M diamide in 25 mM HEPES, pH 7.5, and 100 mM NaCl at 23°C. It appears that small neutral reactants (2-mercaptoethanol/oxygen and N-ethylmaleimide) can access the buried thiols of Ohr more readily than larger or charged reactants (diamide and DTNB), although inherent reactivity toward thiols is likely also important.
Assay of Ohr and kinetics of peroxide reductions. Ohr activity with peroxides was measured by following the change in A 340 in an assay employing dihydrolipoamide to reduce Ohr and dihydrolipoamide dehydrogenase plus NADH to reduce lipoamide (48) (see Fig. S1A in the supplemental material), analogous to the assay used with the AhpC/AhpD-dependent peroxidase system (4). The reduction of H 2 O 2 by Ohr followed simple Michaelis-Menten kinetics (see Fig. S1B in the supplemental material), with a k cat value of 21 Ϯ 1 s Ϫ1 and a K m value of 235 Ϯ 7 mM, generating the k cat /K m value given in Table 3 . The reduction of cumene hydroperoxide (CuOOH), tert-butyl hydroperoxide (t-BuOOH), and linoleic acid hydroperoxide (LaOOH) (see Fig. S2 in the supplemental material) could not be fit to simple Michaelis-Menten kinetics owing to inactivation of Ohr at high peroxide concentrations, but values of k cat /K m could be calculated from the linear increase in rate with peroxide at low peroxide concentrations ( Table 3 ). The three organic hydroperoxides have comparable activities and are more than three orders of magnitude more reactive than H 2 O 2 . Ohr has not been previously tested as a reducing agent for disulfides, but no activity was found with the disulfides of glutathione, mycothiol, or coenzyme A (see the supplemental material).
DlaT plus Lpd provides a reducing system for Ohr. Since lipoic acid and lipoamide are not present in M. smegmatis at significant levels (Table 2) , there must be another physiologic reductant for Ohr. Several possible systems were tested. Mycothiol (320 M) together with mycothiol disulfide reductase (Mtr; 0.4 g) (50, 51) and NADPH (160 M) exhibited no activity with Ohr (100 M) following the addition of 100 M CuOOH in 100 l of assay buffer. An analogous assay with 6 M M. tuberculosis TrxB or TrxC in the presence of thioredoxin reductase TrxB2 (340 M) and NADPH (200 M) also showed no activity. However, positive activity (Fig. 4) was obtained with M. tuberculosis DlaT (SucB, Rv2215; 2 M), containing two covalently linked lipoamide residues, together with M. tuberculosis Lpd (Rv0462; 2 M) and NADH (160 M), a reducing system previously shown to support peroxidase activity of AhpD with AhpC toward H 2 O 2 in vitro (4). Ohr plus DlaT showed no activity and Lpd plus Ohr showed only low activity, whereas DlaT in combination with Lpd and Ohr showed substantial peroxidase activity toward CuOOH (100 M), comparable to that measured with lipoamide in combination with Lpd and Ohr (Fig. 4) . The DlaT and Lpd proteins used were from M. tuberculosis (4) 85% identity) and of DlaT (YP_888560, 72% identity), it is likely that the M. tuberculosis proteins provide good models for their M. smegmatis counterparts. A rapid second-order rate of ϳ1.3 ϫ 10 5 M Ϫ1 s Ϫ1 was calculated from the initial rate and the CuOOH and Ohr concentrations for the DlaT reaction whose results are shown in Fig. 4 . This is severalfold lower than the value (4.3 ϫ 10 5 M Ϫ1 s Ϫ1 ) obtained with CuOOH and lipoamide as reductant (Table 3 ) but likely represents a lower limit, since the substrate concentrations were not fully optimized. These rates are two orders of magnitude lower than the value (4 ϫ 10 7 M Ϫ1 s Ϫ1 ) for catalase with H 2 O 2 that is considered to be close to diffusion controlled (18, 47) .
M. smegmatis Ohr homologs are widely but not universally distributed in bacteria. It was established a decade ago that the OsmC family of proteins involves two distinct branches, one designated OsmC and the other Ohr (2, 38) . Since then, the bacterial genomic database has markedly expanded, and a number of interesting features became evident during a search for homologs of M. smegmatis Ohr. Many bacteria appear to lack the gene for this protein. Not surprisingly, it is absent in the anaerobic Clostridia; no sequences with a E-value of Յ0.1 were found in 40 species examined. Among the Archaea, only 10% of the 65 species tested had distant homologs of M. smegmatis Ohr. Of the 76 completed genomes of Actinobacteria available at GenBank, 39% had no significant homologs of M. smegmatis Ohr, 36% had 1 homolog, 16% 2 homologs, 7% 3 homologs, and 3% 4 homologs. Among mycobacteria, there were no significant homologs (E-value Ͻ 5) in Mycobacterium bovis, Mycobacterium kansasii, Mycobacterium leprae, Mycobacterium marinum, M. tuberculosis, or Mycobacterium ulcerans. The gammaproteobacterium Pseudomonas fluorescens Pf0-1 produced 7 homologs of M. smegmatis Ohr, the most of any of the bacteria examined, whereas in the Gammaproteobacteria generally, 37% of the 142 species had no homologs of M. smegmatis Ohr. Thus, the general occurrence of M. smegmatis Ohr homologs in bacteria varies markedly, with a substantial fraction having no significant homologs and the number of homologs within a given species varying markedly.
A closer examination of the homologs in a selected group of bacteria provides some important insights, as illustrated by a phylogenomic tree (Fig. 5) . We include those proteins with a known crystal structure (Fig. 5) , i.e., Bacillus subtilis Ohr-1 (9), Deinococcus radiodurans Ohr-1 (37), Escherichia coli (36) , Pseudomonas aeruginosa Ohr-1 (35) , and Xylella fastidiosa (48) . These studies established that all of these proteins have very similar structures, with two cysteines in the active site. Representatives of different bacterial phyla and bacteria with multiple M. smegmatis Ohr homologs were also chosen to illustrate several points. First, some organisms have only one homolog, either from the Ohr branch (Corynebacterium glutamicum, M. (2) (1, NP_626642; 2, NP_627209; and 3, NP_631172), Thermus thermophilus HB8 (YP_144891), and Xylella fastidiosa 9a5c (NP_299113). Scale defines changes per site. The tree was generated as described in Materials and Methods. Among those species with multiple homologs of Ohr, there is a wide variation in the degree of identity. Thus, B. phymatum Ohr-2 and -3 are 82% identical, whereas B. phymatum Ohr-4 shares only 25% identity with B. phymatum Ohr-5. The closest homolog of P. fluorescens Ohr-1 in the P. fluorescens genome is P. fluorescens Ohr-2, with which it shares 68% identity, but P. fluorescens Ohr-1 is also 65% identical to M. smegmatis Ohr. The identity of P. fluorescens Ohr-1 to other Ohr members ranges from 51% for P. fluorescens Ohr-5 to 60% for P. fluorescens Ohr-4. The maximal identity is between P. fluorescens Ohr-3 and P. fluorescens Ohr-5, at 66%. The occurrence of multiple homologs with substantial variation in primary sequence within a given genome suggests that these proteins may have significantly different physiological substrates.
DISCUSSION
We originally thought that identification of the overexpressed protein in the mshA::Tn5 mutant might provide insight concerning how M. smegmatis is able to survive and grow without MSH. The identification of this protein as M. smegmatis Ohr, with its ability to destroy organic hydroperoxides, might well explain how it could partially compensate for loss of the protective action of MSH. However, while the overproduction of Ohr in the mshA::Tn5 mutant increases protection against CuOOH relative to the sensitivity of the mshA(G32D) strain lacking excess Ohr, it does not increase it to the level of the wild-type mc 2 155 strain with normal levels of Ohr and MSH (Fig. 3A) . Thus, in addition to Ohr, there appears to be an MSH-dependent peroxidase active against CuOOH in M. smegmatis, and this protein remains to be identified.
Another significant finding is the marked increase in ergopthioneine in MSH-deficient strains, ϳ30-fold for the mshA::Tn5 and mshA(G32D) strains and ϳ20-fold for the mshC::Tn5 strain. Ergothioneine is thought to provide protection against oxidative stress, and the genes for its biosynthesis have been recently identified (61) . However, the mshA(G32D) mutant with highly elevated ergothioneine but lacking MSH was quite sensitive to CuOOH (Fig. 3A) , indicating that ergothioneine provides little protection against this toxin. The ohr gene is not present in the M. tuberculosis genome, and its absence may be one reason why M. tuberculosis is more sensitive than M. smegmatis to loss of MSH. The genes for ergothioneine biosynthesis are present in the M. tuberculosis genome, but whether M. tuberculosis mutants deficient in MSH biosynthesis increase ergothioneine production is unknown (65) .
The chemistry of ergothioneine is substantially different from that of cysteine-containing thiols, such as GSH and MSH, and may influence the role that ergothioneine plays in mycothiol-deficient mutants. Although ergothioneine at physiological pH exists in the thione rather than thiol form, is a much poorer reductant, and is less subject to autoxidation than cysteine or its derivatives, it is nevertheless considered to be an effective antioxidant through quenching of singlet oxygen, scavenging of hydroxyl radicals, and inhibition of heavy metalcatalyzed autoxidation (24) . Despite hundreds of publications dealing with ergothioneine, mostly involving eucaryotes, its function in bacteria has been little studied and no enzymes utilizing ergothioneine as a cofactor have been reported. However, as pointed out by Seebeck (61) , close homologs of the M. smegmatis EgtB and EgtD ergothioneine biosynthesis proteins are encoded in most cyanobacterial genomes (24 out of 28 completed genomes in our recent count), suggesting that protection of DNA against visible and UV radiation damage may be an important function of ergothioneine in cyanobacteria, as has been reported for human keratinocytes (3) . Soil organisms such as M. smegmatis could also benefit from such protection when subject to surface exposure. Identification of the ergothioneine biosynthesis genes (61) should allow the generation of mutants deficient in ergothioneine production whose phenotype should serve to clarify the functions of ergothioneine in bacteria.
We originally thought that upregulation of the ohr gene (MSMEG_0447) in the mshA::Tn5 strain should involve OhrR (MSMEG_0448), the product of a neighboring gene, as found in many other bacteria (64) , via a thiol-mediated redox mechanism (33, 63) . However, the present results indicate that MshA and its G32D mutant function as repressors of ohr expression. Whether OhrR can also serve as a repressor of ohr in M. smegmatis is unclear.
A cellular reducing system for Ohr based upon Lpd and DlaT (SucB) was identified recently in Xylella fastidiosa (10) and is confirmed in M. smegmatis in the present study (Fig. 4) . Lipoamide itself is sufficient for the in vitro assay, but neither free lipoamide nor lipoic acid can function as the cellular reductant, because they are expected to rapidly diffuse out of the cell (25, 62) and their cellular levels are undetectable (Table 2) . Protein-bound lipoyl residues have been measured at levels as high as ϳ0.2 mol per gram (27) . Both Lpd and DlaT are more widely distributed in bacteria than Ohr, so a reduction system for Ohr might be available if the ohr gene were acquired by lateral gene transfer. This assumes that the dihydrolipoamide form of DlaT is sufficiently available in vivo to function as the reductant for Ohr. In exponentially growing E. coli, the lipoyl residues of the pyruvate dehydrogenase complex were found to be predominately in the oxidized form (34) , so whether sufficient reduced DlaT is available in M. smegmatis to reduce oxidized Ohr in vivo is unclear.
With regard to the cellular function of Ohr, the present results accord with those of earlier qualitative studies establishing a preference for organic hydroperoxides over hydrogen peroxide in Ohr from P. aeruginosa (35) , X. fastidiosa (11) , and Mycoplasma gallisepticum (28) and identify lipid hydroperoxides as possible physiological targets. Quantitative kinetic data on the destruction of peroxides by Ohr with which to compare the rate data of Table 3 were not available until the study of X. fastidiosa Ohr by Cussiol et al. appeared (10 Fig. S2B in the supplemental material that the K m value for t-BuOOH must be Ն200 M, more than an order of magnitude greater than the value (14.5 M) determined for X. fastidiosa Ohr, which may contribute to the difference in measured rates.
M. smegmatis Ohr was resistant to inactivation by H 2 O 2 but sensitive to inactivation by CuOOH and LaOOH and, to a lesser extent, by t-BuOOH (see Fig. S2 in the supplemental material). X. fastidiosa Ohr showed no loss of activity during assay at t-BuOOH concentrations up to 10 mM but lost about 85% of its activity during incubation in 5.1 mM t-BuOOH for 1 week at 4°C (48) . M. smegmatis Ohr was most sensitive to inactivation by LaOOH, the most physiological substrate tested. It might seem strange that a peroxidase is sensitive to inactivation by the peroxide substrates it is designed to control but, in the cellular environment, with adequate Ohr and reductive capacity available, the level of peroxide is not likely to accumulate to damaging levels.
Although a good deal is known about the primary, secondary, tertiary, and quaternary structure of Ohr from numerous sources, many questions remain about the functions of this group of enzymes. The high activity with LaOOH is indicative that lipid hydroperoxides are important substrates. However, in many bacteria, there are multiple Ohr homologs, the extreme case being P. fluorescens, with 6 homologs in the Ohr branch (Fig. 5) plus an additional one associated with the OsmC branch (P. fluorescens Ohr-7). Since there is substantial variation in sequence among these homologs, it seems likely that they function with different hydroperoxide substrates. Are all of these substrates lipid hydroperoxides or could other classes of hydroperoxides, such as protein hydroperoxides (15) , be the preferred targets of some Ohr homologs? The Ohr proteins of P. fluorescens represent an important resource to provide answers to this question.
In conclusion, disruption of the mshA gene in M. smegmatis leads to upregulation of the ohr gene that is reversed by complementation. Overproduction of Ohr and loss of MSH influences organic hydroperoxide sensitivity and results in marked resistance to INH, consistent with the proposed requirement for both an oxidative and a reductive step in the activation of INH. M. smegmatis Ohr is highly active with linoleyl hydroperoxide, indicating that lipid hydroperoxides may be the natural substrates. Oxidized M. smegmatis Ohr is efficiently reduced in vitro by the widely distributed NADH-dependent Lpd/DlaTreducing system. If this system functions in vivo, it could have facilitated the acquisition of the ohr gene through lateral gene transfer in diverse bacteria by providing an established system for the reduction of Ohr. The occurrence in P. fluorescens and other bacteria of multiple ohr genes that encode proteins with markedly varying sequences indicates that there may be multiple cellular functions for Ohr proteins. Finally, the dramatic upregulation of ergothioneine production in mshA-and mshCdeficient mutants suggests a compensating role of ergothioneine for the loss of MSH, but the results indicate that ergothioneine has little influence on resistance to simple organic hydroperoxides.
